In the present work microstructural and chemical analysis of tin and slag that resulted from three smelting experiments reconstructing prehistoric conditions are presented. Cassiterite ores were collected from northwestern (NW) Iberian deposits and were smelted in a small open pit. Results show that the loss in tin can be very high, up to 80%, mainly as a result of volatilization of Sn species. The experiments show that using handmade leather bag bellows and clay tuyeres, temperatures can easily reach >1200°C. The tin produced was a very pure (Sn) solid solution, with the presence of dispersed inclusions or phases of various composition. These included FeSn and FeSn 2 intermetallics and small metallic W inclusions. Slags could be grouped into three types based on their physical characteristics, and bulk chemical analysis could relate each type as being a product from the reaction of ore material or a product from the reaction with the crucible material. Generally, it was found that in spite of very low recovery rates, the tin produced by this simple technique would have been adequate for a domestic small-scale production.
Introduction
Tin was a very important alloying element in Western Europe in the production of bronze (Cu-Sn alloy) since the second millennium BC (Bronze Age), when most metallic artefacts were made of this alloy [1] .
Bronze could be produced by mixing tin with copper, or alternatively, by reducing tin ores (cassiterite) with copper (cementation) or by reducing simultaneously cassiterite (SnO 2 ) and copper ores (co-smelting) [2] .
Additionally, tin was needed as a regular basis for recycling operations of bronze artefacts [3] since tin is preferentially oxidized with respect to copper in a melt [4] . The addition of pieces of tin to the melt would thus compensate the preferential loss of tin in the recycling process, allowing the metal to be recycled numerous times without compromising the alloy composition/properties.
While prehistoric metallurgical contexts for copper smelting have been found in various European sites, metallurgical contexts of tin production are practically inexistent [5] .
Even tin is very scarce [6] , and most ancient tin objects consist of tin ingots that were rescued in the sea, being probably part of shipwrecks cargo [7, 8] . The transport of tin through different regions would have been necessary since tin resources are not evenly distributed and are found in only a few regions.
One of the regions with the largest amounts of tin resources is the Northwestern Iberian Peninsula. Archeological studies proposed that in this region, during the Bronze Age, metal production was undertaken inside the settlements, in a systematic but small-scale manner [9] . Although having been able to detect various bronze manufacturing vestiges [10, 11] , archeological excavations have been unable to recognize or detect tin smelting structures or metallurgical remains.
Experimental archeology can give great benefits to the understanding of ancient manufacturing techniques by recreating ancient technologies and products. By observing the materials that result from such experiments, an easier recognition and interpretation of archeological records should be expected. Also, the scientific study of the physical and chemical properties of resulting materials is essential to provide adequate databases for future comparisons to archeological remains.
Although tin smelting experiments reproducing ancient techniques were performed in the past, the produced materials were studied only in a few occasions by analytical means and the results, when published, were mostly very summarily presented [12] [13] [14] . Therefore, the knowledge of the material characteristics that could result from ancient tin smelting processes is very fragmented.
For the present study, cassiterite samples collected in the NW Iberian territory were reduced to produce tin in a very simple and small-scale manner, using a small open pit structure to reproduce what could have been the manufacturing process of tin in prehistoric times. The aims were to get a better understanding on the facility of tin production, the time/effort needed, and to obtain materials that can serve for comparison to archeological finds. Chemical and structural analyses of the products by X-ray fluorescence spectrometry (XRF), scanning electron microscopy with energy dispersive spectrometry (SEM-EDS), and X-ray diffraction (XRD), were made to achieve a detailed knowledge of the characteristics of the obtained materials. Additionally a short discussion to the sensorial aspects (nondiscursive knowledge) of the experiments is presented, since these were and important part of early manufacturing techniques [15] .
Materials and Methods
Cassiterite samples from two sites in the NW of the Iberian Peninsula were used for three smelting experiments. Experiment 1 used cassiterite from Penouta (Galicia, Spain) and experiments 2 and 3 used cassiterite from Gondiães (Trás-os-Montes, Portugal). During the experiments no fluxes were added, but the concentrates carried a considerable amount of associated minerals (gangue) to simulate a minimum preparation method (and thus a small effort in ore concentration) and to enhance the chances of obtaining slag for analysis.
The charcoal used for the experiments had been previously produced by "carboneros" in northern Spain, by following the traditional technique of mound kilns, and using local roots of common heather.
During the smelting experiments, the temperatures were measured by using a type K thermocouple connected to a TC-08 Pico data logger and a laptop computer. The measurements were taken from the hottest region, that is, at the upper region of the crucibles near the air flow entrance of the tuyeres.
The experiments were performed in the University of Vigo, Campus de Ourense, in open air, during two dry winter days, and with a weak wind. During the first day, the construction of the smelting structure and smelting Experiment 1 were performed. On the second day, experiments 2 and 3 were performed. The construction of the structure consisted of: (1) making a hole in the ground, (2) covering it with a lining of clay/earth (prepared in situ), (3) positioning of tuyeres, bellows, and a circle of stones to protect from fire heat, and (4) firing to bake the clay lining and heat the entire structure. Stages 1, 2, and 3 took a total time of 3 h and 30 min, and stage 4 took 2 h and 30 min. A scheme of the structure is shown in Fig. 1 and some images of the construction stages as well as the temperature measurement during the smelting process are shown in Fig. 2 .
The tuyeres were positioned so that one person could work with both bag bellows (reducing the number of persons necessary for the experiment). In experiments 1 and 2 a crucible was used, but in Experiment 3 the bottom of the structure was elevated with stones and a new layer of clay, and smelting was performed without a crucible.
Samples of the cassiterite concentrates used for each experiment were analyzed by XRF, XRD, and SEM-EDS to obtain the elemental composition and the mineralogy of the concentrates. Samples of tin prills produced in each experiment were analyzed by SEM-EDS on their surfaces without preparation or in mounted and metallographically prepared surfaces (representative of a cross-section), for the study of microinclusions.
Slag samples from each experiment were analyzed by XRF and XRD, and samples mounted in epoxy resin and metallographically prepared were analyzed by SEM-EDS.
Additionally, a sample of new crucible material and one of the crucible after use in Experiment 1 were analyzed by XRF and XRD.
For XRF elemental analysis, a PANalytical XRF-WDS 4 kW AXIOS (PANalytical B.V., Almelo, The Netherlands) sequential spectrometer (Rh X-ray tube) under He flow was used. Samples were analyzed in powder form to avoid chemical heterogeneities and crystalline effects. Standardless semiquantitative analysis was performed with the SuperQ IQþ software package (PANalytical B.V.).
The XRD patterns were recorded on a Bruker D8 Discover diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with a LYNXEYE linear detector, using CuKα radiation at 40 kV and 40 mA settings in the 2h range from 3° to 75°, with an acquisition time of 1 s and 2h increment of 0.05°. Identification of crystalline phases was performed using the DIF-FRAC.SUITE EVA software (EVA, Bruker AXS GmbH) and the ICDD PDF-2 database (ICDD, Newtown Square, PA, USA).
The SEM-EDS analyses were conducted in a variable pressure scanning electron microscope HITACHI S-3700N (Hitachi Ltd., Tokyo, Japan), with a secondary electrons detector (SE), backscattered electrons detector (BSE), and an energy dispersive spectrometer (EDS) XFlash 5010 Silicon Drift Detector (SDD) with a resolution of 129 eV at Mn Kα, from Bruker (Bruker Nano GmbH, Berlin, Germany). The chamber pressure varied from 30 Pa to high vacuum depending on the conductivity of the materials analyzed. Standardless semiquantifications were made using ZAF correction procedure.
Results and Discussion
Smelting time, temperature, and efficiency achieved in the experiments
The largest amount (304.6 g) of cassiterite concentrate with the largest size of cassiterite grains (up to 1 cm) ( Table 1 ) was used in Experiment 1. This was also the longest experiment, with the longest reduction time (37 min). Each time, one volunteer pumped air with the bellows to the upper part of the crucible, with switching periods of 5-10 min. Two volunteers were part of this smelting experiment, and they showed different techniques when using the bag bellows. With volunteer 1, the measured temperatures oscillated between 1130°C and 1290°C (average ∼1200°C), but with volunteer two temperatures rapidly raised to values >>1367°C. This was the last temperature registered before the thermocouple failed by melting.
Some previous smelting experiments that reconstructed simple prehistoric technologies also showed that in such simple structures and using handmade bag bellows it was relatively simple to attain temperatures >1370°C at the hottest regions near the tuyeres [14] . Our experiment confirmed the earlier results, and showed that such high temperatures can be attained with different bag bellow types and personal technical skills.
At the end of Experiment 1 the crucible had partially fragmented and vitrified on one side. The structure was left to cool down for 20 min and then the charcoal, crucible, and slag fragments were extracted and put on the floor. The materials were separated with wood sticks and metal lumps and prills were collected, totalizing a yield of 65.6 g. This corresponds to a tin recovery of 30% taking into account the tin content in the concentrate (Table 1) .
Experiment 2 used a smaller amount of cassiterite concentrate (43.6 g) and lasted 18 min. The crucible also suffered partial vitrification and fragmentation. At the end of the experiment, small metallic prills were recovered, most of them covered by a grey layer which made them less recognizable among the other products from the smelt. The total mass of tin prills recovered was 5.8 g, corresponding to a recovery of 20% (Table 1) .
Experiment 3 also used a small amount of cassiterite concentrate (45.8 g) and lasted 17 min. For this experiment, no crucible was used, but the bottom of the structure was elevated with a granite stone and covered with clay. After the smelting, the base of the structure was covered by a vitreous dark-brown slag layer and some slag of gray color and round shape over this layer. Small tin residues were visible on the surface of the vitreous slag, but were not of a suitable size to be collected by hand. One metallic prill, of 0.02 g, appropriate for hand picking, was recovered. In this experiment, the recovery of metal was considered negligible.
XRF, XRD, and SEM-EDS characterization of cassiterite concentrates
The XRF analysis of the cassiterite concentrates showed that the concentrate used in Experiment 1 was the richest, with 62.3 wt% SnO 2 , compared with the concentrate used in Experiment 2 (54 wt% SnO 2 ) and Experiment 3 (35.3 wt% SnO 2 ). The concentrate from Experiment 1 was also the one with the largest cassiterite grains (∼1 cm size). This, combined with the fact that a higher amount of concentrate was used in Experiment 1 and more time was provided for the smelting, could have contributed to the better tin recovery.
XRD and SEM-EDS analyses of the concentrates identified the associated minerals quartz, feldspar, and biotite in the concentrate from Experiment 1 (Penouta) and quartz, albite, and muscovite in the concentrate used in experiments 2 and 3 (Gondiães). The presence of these minerals reflects the chemical analysis made on the concentrates. They all had relatively high amounts of Al and Si, namely 12-20 wt% Al 2 O 3 and 13.5-43.4 wt% SiO 2 (with increasing values from Experiment 1 to Experiment 3) and other elements such as Na, K, Mn, Fe present in amounts <5 wt% (in oxide form) ( Table 2 ). All these minerals were expected to react during the smelting process and contribute to the slag formation. All concentrates also showed relevant contents of Ta and Nb, up to 1 wt% (in oxide form), and all had Ta 2 O 5 > Nb 2 O 5 . These two elements are frequently present in cassiterites from NW Iberia [16] , and can be found in the resulting smelted materials. SEM-EDS analysis showed that these elements could be present in the crystal lattice of cassiterite grains as well as in the form of various inclusions of the columbite group minerals.
XRF and XRD characterization of crucible
A sample of unfired crucible material and a sample from the rim of a crucible used in Experiment 1 (a sample that was not vitrified) were analyzed by XRF and XRD. The results (Table 2) . Despite the similar results, a singular difference was detected: the presence of a small amount of Sn (0.17 wt% SnO 2 ) in the rim of the crucible that was used in Experiment 1. This can be significant, as it can indicate that although the crucible fragment did not show any signs of having been involved in a smelting operation, its use for tin metallurgy could eventually been traced down by the traces of Sn in the ceramics, as a reaction between Sn-rich fumes or particles and the ceramic material. The composition of the crucible, which can be categorized as a Ca-rich clay, has a relatively low amount of Al 2 O 3 , reducing its refractory property, and relatively high amounts of Ca and Fe oxides, which can act as fluxes, and provide poor technical or refractory properties compared with modern standards. This can explain its partial vitrification when subjected to the very high temperatures during the experiments.
The XRD carried out on the two samples shows that the initial crystalline phases present were clay illite, quartz, calcite, and talc, and, after the smelting experiment, the minerals present were akermanite-gehlenite, quartz, wollastonite, and anorthite. Thus, essentially, the crystalline phases in the used crucible were Ca-related, such as calcium silicates and calcium aluminum silicates. It is known that in high-temperature firing (>950°C), clays that contains >5 wt% CaO tend to form gehlenite, wollastonite, and anothite plagioclase, while mullite is not formed [17, 18] .
The three components produced (gehlenite, wollastonite, and anorthite) have melting temperatures in the range of 1350-1550°C [17] . The partial melting and vitrification of crucibles in experiments 1 and 2 show that these range of temperatures were attained in some regions, in agreement to the temperature measurements made in situ. Thus, in the present case, although the ceramic material could have been adequate for domestic pottery, it would have had some limitations in the case of pyrometallurgical operations, if such high temperatures were to be attained. 
SEM-EDS characterization of tin
Microstructural examination of tin prills from the three experiments showed that the obtained metal consisted of a very pure tin phase, with sparse presence of various types of inclusions and intermetallic phases. Table 3 presents a summary of the inclusions and phases identified in the samples from each experiment, and some images are presented in Fig. 3 . It is important to note that most of these phases and inclusions were only found after careful examination of the prepared surfaces of the samples. Considering that more types of inclusions and phases might be identified in other, not analyzed, prills, the list in Table 3 must be considered as incomplete. Also, it should be noted that if these prills were remelted, a large part of these microconsituents would be lost.
The most common and largest type of microconstituent found was Fe-Sn intermetallics, namely FeSn 2 and FeSn (could frequently reach 100 µm). FeSn 2 was present in samples from all experiments, while FeSn was found in association with FeSn 2 in samples from experiments 2 and 3. When found in association, FeSn had a prismatic shape (near-rectangular) and FeSn 2 was present as a layer covering that volume, making up an interface with the tin. When FeSn 2 was found alone, it had rounded edges. Based on the Fe-Sn phase diagram, FeSn forms within temperatures of 770°C and 513°C from a very Sn-rich metal in liquid state. At lower temperatures, FeSn 2 is formed as a reaction among FeSn and liquid tin, until the minimum liquidus temperature is reached, corresponding to the temperature of tin solidification (232°C). When equilibrium is reached, all FeSn would react, turning to FeSn 2 . This is obviously not the case of prills from experiments 2 and 3. On the other hand, the absence of intermetallic FeSn in the prills analyzed from Experiment 1 can be explained as a result of a lower amount of Fe (reduced) in this smelt, or as a result of total reaction of FeSn with Sn due to a longer period at temperatures in the solidification range of 770-232°C during cooling.
A further identified phase involving Sn is SnS, from experiments 1 and 3. This phase showed, on some occasions, near-prismatic shapes, and was generally in the 10-30 µm size range. Based on the SnS equilibrium phase diagram, β-SnS forms from a Sn-rich metal in liquid state at 880°C; and at 602°C, it suffers an allotropic transformation to α-SnS, that is the stable phase until room temperature. Thus, the α-SnS is most likely the crystallographic structure present in the prills.
In one sample from Experiment 1, and in association with a SnS inclusion, one inclusion was found involving Fe, Co, and Sn (Fe-Co-Sn). This inclusion showed edges that were more Co rich than the center.
In Experiment 3, a Cu-Ni rich phase was found at the surface of a metal prill: it might come from the ores or from some uncontrolled external contamination.
The dark surfaces of the metal prills from Experiment 2 consisted of a thin irregular layer of Fe oxides (10-20 µm thick).
During examinations at high magnifications, many small-size inclusions were found. These were of variable compositions, most of them being combinations of Fe with other elements (some of them were clearly oxide inclusions), namely Fe-Mn rich, Fe-Mn-Ga-O, Fe-Zn rich, Fe-Zn-Mn, Fe-Al-O, while others involved heavy atomic number elements, such as W and Tl, present in the metallic state (W) or associated with Cl (Tl-Cl, Tl-Co-Cl). Some of them showed specific morphologies, such as Fe-O and Fe-MnGa-O inclusions that could occur with triangular shapes inside larger SnS inclusions.
XRD, XRF, and SEM-EDS characterization of slags
One of the most interesting results of the experiments was the formation of slag with different colors, densities, and even shapes.
The slag from the three experiments could be divided into three groups based on their general physical characteristics: (1) green dense vitrified slags; (2) gray light/porous slags frequently of a round shape; (3) yellow to dark-brown dense vitrified slags.
Type 1 slags were only found in experiments 1 and 2. All other ones were present in the three experiments. Type 1 slag was intuitively associated to the reaction with the crucible material because some material was still in contact with parts of the crucible. Interestingly, Type 2 slag often had a spherical shape, and showed a more or less porous surface. The interior of this type of slag was very porous, but in some cases a yellow to dark brown vitreous slag (Type 3) was present, sometimes also with small tin prills entrapped in it. The yellow to dark brown vitreous slag (Type 3) was present in the highest amount in Experiment 3, in the form of a layer at the bottom of the structure showing some penetration into the clay lining material (Fig. 4) .
Four slag samples from each experiment were analyzed by XRF and XRD and some other samples were mounted in resin and metallographically prepared for SEM-EDS observations.
The chemical compositions are shown in Table 2 . The tin content of the slag varied greatly, with SnO 2 amounts ranging from <1 wt% up to 33 wt%. Generally, slags of Type 3 were those that had the highest tin contents, and that of Type 2 the lowest.
Taking into account that slags are a product of the cassiterite concentrate and the crucible material (in experiments 1 and 2), the slags were plotted in a ternary diagram with respect to their Al 2 O 3 þ SiO 2 , CaO, and Fe 2 O 3 contents together with the crucible and the cassiterite concentrate compositions (charcoal was also plotted for reference). Figure 5 shows that the green vitrified slag Type 1 is plotted next to the crucible material, clearly relating it to the reaction and vitrification of the crucible. On the other hand, slags of types 2 and 3 are plotted next to casssiterite concentrates in the three experiments, relating them to the reaction of the concentrates. It was expected to observe a similar ratio between Nb and Ta elements in the slag as in the cassiterite ores used, but this only happened in Experiment 3. In slags from experiments 1 and 2, there was a tendency to a preferential enhancement in Ta with respect to Nb (Fig. 5) . Possibly, this can be explained by some preferential loss in Nb with respect to Ta, which did not happen in Experiment 3, since this experiment did not result in completely reacted materials.
XRD diffraction patterns obtained for the slag samples show a variety of crystallized products (Table 2) . Type 1 slag is very amorphous, but in some samples it was possible to observe patterns that could be attributed to wollastonite, spinel, olivine(?), calcite, calcium silicate, and calcium aluminum oxide. These products are in agreement with the chemical composition and origin of the slag resulting from the crucible material with high amounts of Ca.
The slag of Type 2 showed diffraction patterns of corundum, quartz, and spinel, and mullite and cristobalite in one sample of Experiment 3. The presence of spinel and quartz is to be expected in a slag, nevertheless, the presence of corundum is not so common. Corundum forms at very high temperatures, over 1500°C, and its presence in the slag is an indicator that such high temperatures were certainly reached at various moments in some regions of the experiments. Mullite and cristobalite in two samples of Experiment 3 can be explained as part of reaction of the clay lining used in the base of the smelting structure for the experiment, and the incorporation of that material into the slag.
Type 3 slag shows diffraction patterns that appear to be phases more related to the partial reaction of cassiterite and associated minerals, namely cassiterite, romarchite(?), albite, (Nb, Ta) pyrochlore, stanno (Ta, Nb) microlite, besides cristobalite, quartz, and spinel. This slag type also showed a chemical composition with the highest amounts of Sn, and was the type more common in Experiment 3. Again, this indicates that Experiment 3 only had a partial reaction of the ore, with a minimum production of tin.
SEM-EDS microstructural observations of some metalographically prepared samples (Fig. 6) showed Type 1 slag with a vitreous matrix (rich in Si, Ca, Al, Mg with minor Na, K, Fe, and Ti) with a crystalline phase of calcium silicate and small inclusions of metallic Fe; Type 2 slag with complex microstructures, with various microconstituents that could be needle-like, euhedral, or of dendritic shape. It was difficult to analyze their composition due to the small size, but they were generally Fe-Mg-Al rich, and had large SiO 2 inclusions, partially decomposed. Type 3 slag was mainly composed by a vitreous matrix, with the presence in some regions of various microconstituents, as for instance SnO 2 inclusions, some of which were most likely not original but a product of the reaction, dendritic, and needle-like Fe-rich formations, tin globules, some particles of SiO 2 (partially altered), and in one sample a zircon insclusion was found that surely was part of the original ore concentrate.
Loss of tin due to volatilization of Sn species
Experiment 1 was the one with the best recovery of tin and from which the largest amount of slag was recovered. The tin was dispersed among the materials of the smelting operation: it was found in the slag of all types, and was also present in the crucible rim that did not vitrify. The amount of tin present in the slag can be estimated taking into consideration the mass of each type of slag and its approximate Sn content (Table 4) . Calculations show that the mass of Sn in slag is of the order of ∼5 g Sn. This indicates that a large amount of Sn was not reduced to metal and did not remain in the slag (148 g of Sn was lost, corresponding to 68%).
Modern laboratory reduction studies showed that Sn can be lost in the form of SnO fumes in various silicate melts, in amounts up to 75% at 1000°C and under weak reductive atmosphere conditions (50% CO þ 50% CO 2 ( [19, 20] . A (2) and (3) recent study also showed that during reduction of pure SnO 2 the fraction of volatilized tin increases with increasing temperature and at higher temperatures a small amount of newborn tin promotes tin volatilization [21] .
It is likely that in Experiment 1, ∼68% of tin that was not reduced or kept in slags went lost as SnO fumes. This would also explain the presence of Sn in the crucible rim fragment with no physical evidence of smelting: tin-rich fumes would disperse and react with the surfaces of the materials.
Likely, the high tendency of Sn to volatilize and disperse as fumes, together with particles of crushed slag or small tin prills left on the ground (which would not stand out for visual recognition during archeological works due to their small size and dark colors), suggest that chemical analysis of material surfaces and soil layers might be able to detect ancient tin metallurgical operations in archeological records, even if smelting was performed in a small scale.
Extractive metallurgy as a human action
As evidenced by Kuijpers [15] , touch, feel, smell, sound, or sight could tell the craftsperson if the work was being adequately done. Experiment 1 provided very interesting information regarding in situ sensorial experience versus post-analytical evaluation on the efficiency of the smelt. During the experiment, while picking up the tin, there was a general sensation that the smelting experience was a success. Comparing the volume of cassiterite concentrate used with the amount/ volume of tin produced, and taking into account the effort expended in its production (just some hours) it seemed "very easy" to produce tin in amounts that could perfectly satisfy community needs. Just for reference, the amount of tin produced with this experiment would have been enough to produce a bronze axe of over half a kilogram, with the classic 10 wt% Sn composition [1] . Nevertheless, when analyzing the results from a more modern and analytical point of view, the high loss of tin due to volatilization would categorize this experiment as a failure. These differences in (economic) perception are a significant demonstration of how difficult the comprehension of ancient metallurgy in its cultural and technological contexts can be nowadays.
Despite the fact that none of the authors was aware of the possibility of the extreme tin loss as fumes during the experiments, when we added the cassiterite concentrate, some dust-like fumes raised from the fire with a particular smell (very soft/weak metallic). This sensorial awareness, that something was being lost, could make one wonder whether some type of close structure would bring benefits to the production of the metal. Certainly by experimenting different solutions just based on the sensorial perceptions, the smelting technology could naturally evolve to a higher efficiency. In fact, the natural evolution of extractive metallurgy developed close structures (furnaces) for tin smelting [22] . And, with the use of close furnaces, the discussion on tin losses and recovery rates was redirected to the retention of Sn in slags.
During experiments 2 and 3, through which smaller amounts of tin were produced, we had the impression that the grains of ore used were too small, leading to smaller prills and probably affecting the tin recovery. Also, during the two experiments, there was a natural discussion suggesting that it could be worth trying to add cassiterite directly to copper to simplify bronze production by reducing intermediate mixing stages and to try to get a higher efficiency (profit) from smaller cassiterite grains. Possibly, in prehistoric times various processes for bronze production were used, depending on the available materials and on the need for specific products. Additionally, during the experiments, it was easy to perceive differences in temperatures of the smelting process depending on fire colors and intensity and on the sound of the forced air and the charcoal burning. The thermocouple only served to collect modern absolute values of temperature. Thus, it does seem credible that, if needed, a metallurgist would rapidly gain the skill to control effectively the smelting temperature.
Conclusions
The smelting of tin showed to be easily performed in open and small smelting structures, although very high losses of tin could occur due to volatilization of Sn species, resulting in low efficiency rates. This manufacturing method would nevertheless seem to be adequate at early times for a smallscale, domestic consumption level: with ∼300 g of medium to high grade cassiterite concentrate (72 wt% Sn) tin was obtained in sufficient amount for the production of a bronze axe of over half a kilogram mass (with a composition of ∼10 wt% Sn).
The experiments showed that smelting could be performed by one single person, and the structure could be reused several times, reducing effort and increasing the productivity in a long-term period. No complex instruments or specific fluxes were needed.
High temperatures were easily achieved (>1360°C) with handmade bag bellows and tuyeres, so that production of glass (by ceramic reaction/vitrification) would be very easy if crucibles did not have appropriate refractory properties. On the other hand, control of the air supply to maintain temperatures within a certain range (e.g., 1100-1200°C) would be achievable as a natural development of the metallurgists' technical skills.
Tin recovery rates ranged from 30% to negligible in the three experiments performed. Richer grades of ore, cassiterite grains of ∼1 cm size (as opposed to smaller grains), and initial higher masses of concentrate seem to contribute to higher recovery rates.
The tin produced in all experiments was very pure, but detailed examinations were able to detect a high variety of inclusions and phases, namely FeSn, FeSn 2 , SnS, W, and Fe rich, among others. Additionally, the prills from Experiment 2 were mostly covered by a thin dark layer of Fe oxide.
The produced slag was not homogeneous and could be classified into three different groups: green vitreous slag (Type 1) that was chemically similar to the crucible and had a very amorphous structure; gray and round-shaped slag (Type 2) that was chemically more similar to the cassiterite concentrate and contained, beside quartz, also spinel and corundum microconstituents; yellow to dark brown vitreous slag (Type 3) which had the highest tin content in the bulk analysis (∼5-32 wt% SnO 2 ) and revealed some crystallized microconstituents that could easily be related to the reaction of cassiterite ores, as cassiterite and related sub-oxides, besides small tin globules.
